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Measurements of the temperature dependence and .magnetic field 
· dependence of the paraconductivity of a three dimensional amorphous 
superconductor are presented. The data are analyzed in terms of 
several current theories and are found to give good agreeir1ent for low 
fields and temperatures near T • The paraconductivity falls well 
c 
below predicted theoretical values in the high temperature and high 
field limits. This is attributed to the reduced role of high wa,vevector 
contributions to the paraconductivity ~ It is shown that the introduction 
of ·a short wavelength cutoff in the theoretical fluctuation spectrum 




Over the past ten years, there has b.een considerable interest in 
the study of the effects of thermal fluctuations on the properties of 
superconductors. In particular, the paraconductivity·has been studied 
experime~tally 1 ' 2• 3 ' 4 in the case of thin superconducting films, and 
also in bulk type II superconductors. 
5 
Much theoretical work has been 
devoted to predicting the te.mperature and magnetic field dependences 
of the paraconductivity beginning with the early work of Asla.mazov and 
Larkin6 {A-L) and followed by several others. 7 • 8 ~ 9 ' 10 Recently, two 
of the authors reported measurements of the temperature dependences 
11 
of the paraconductivity of bulk a.morphous superconductors. Fhictua-
tion effects in bulk amorphous superconductors are strongly enhanced· 
. by the short electron mean free path and can be measured over a broad 
range of reduced temperature owing to the ne·arly temperature independent 
normal state conductivity. A universal temperature dependence of the. 
paraconductivity was found based on several samples studied. These 
results were found to be in good accord with theory for temperatures 
close to T but exhibit strong deviations from theory at higher tem-
c . 
perature. 
In the present paper, we present new .measurements of both the 
te.m.perature and magnetic field dependence of the paraconductivity of 
an amorphous superconductor. The te.mperature dependence follows 
fhat previously· reported for other amorphous superconductors. Both 
the temperature and field dependences show strong. deviations from 
theoretical predictions at high temperature and high field. The para-
conductivity falls much more rapidly than predicted in these limits. It 
-3-
is proposed that this behavi.or arises from the strongly reduced role of 
short wavelength fluctuations. The effect can be taken into account by 
introducing a short wavelength cutoff in the fluctuation spectrum. The 
cutoff can be determined by fitting the data and is found to within experi-
.mental uncertainty to be the reciprocal of the zero temperature coherence 
length s (0). A detailed theory of this effect would have to take into 
account the internal structure of a bound pair, and in particular the fact 
that in an amorphous superconductor one .may in certain situations 
approach the limit· of isolated pairs owing to the fact that s (0) is extremely 
small. The former effects have been taken into account previously in 
calculations of the diamagnetic susceptibility of superconductors above 
12 13 14 
T . ' ' The present results for the fluctuation conductivity show c . 
very similar features when compared with experimental results for the 
dia.magnetic susceptibility. 
15 Tak~n together, these results imply that 
the theory of fluctuation phenomena in superconductors is with suitable 
extension capable of providing a consistent account of available experi-
mental data. 
II. EXPERIMENTAL 
Measu,re.ments of the fluctuation conductivity were performed on 
several specimens of amorphous Zr75RhZS 
ing from the liquid state. 
16 
Measurements 
prepared by rapid quench-
of T were found to give c . . . 
slightly higher (T · ~ 4.5 °K) values than those previously reported for 
c 
this amorphous system. 
17 
In addition, it was found that the width of the 
superconducting transition was much less (ll T c = 7 x 10-3 °K as 
.measured by the 10o/~ to 9.0% points on the resistance curve) than that 
-4-
reported in 1 ~::f. 17. This is attributed to differences in the two quench-
ing apparatus. The alloys were prepared by induction melting of the 
constitutents on a silver boat under an argon atmosphere and slowly 
cooled to ensure homogeneity. The ingots were subsequently broken 
into small fragments which were then used to quench foils which have a 
thickness of~ 451-J.m and an area of several cm2 • The structure was 
checke~ by x-ray diffraction scans using a Norelco diffracto.meter 
(Cu-Ka radiation). Ali foils showing evidence of crystalline phase 
precipitation were rejected for use in this study. 
The sample resistivities were measured for temperatures ranging 
fro.m 1. 9K to lOK and .magnetic fields ranging up to 7 SKG produced by a 
superconducting solenoid. The current densities used in the .measurement 
were .$ 
. 2 
·. 10 Amps/c.m • The sample is located in an exchange gas 
container the temperature of which can be stabilized to better than 1 mK. 
The temperature is .measured using a carbon resistor with the· calibration 
checked against the vapor pressure of He I during each run •. The 
abs olu.te accuracy of the temperature measurement is ±·50 mK while the 
relative accuracy (near T ) is ± 1 mK. The specimens used in the 
c 
.measurements were long strips with width ~ 1 mm and length ~ 1-Zcm. 
The sa.mple resistance was determined to an accuracy of better than 1 
part in 104 • The error in the absolute resistivity is ± 10o/o due mainly 
to uncertainty in the sample geometry. The normal state resistivity was 
also .measured up to room temperature for reference in a separate 
experimental station. 
Finally, in order to establish the generality of the field.dependence 
of the fluctuation conductivity, .measurements were carried out on the 
La78Au22 amorphous alloy previously studied, in ref. 11 and compared 
-5-





III. EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY 
To begin, a summary of relevant parameters characterizing the 




is given for reference. 
The transition te.mperature in zero field T varied by ± 0. OSK for the co 
several sa.mples studied. The value T = 4.5 62K given in· the table co 
refers to the most ho.mogeneous sample and is defined as the highest 
te.mperature for which the measur.ed sample resistance R = 0. The 
width of the superconducting transition for this sample was. ll T = 7 .rnK 
co 
defined by the 10% and 90% points on the resistive transition curve. ·The 
resistive transition is shown in Fig. 1. This transition is somewhat 
sharper than those observed in the most homogeneous samples used in 
the study of ref. 11 permitting analysis of the fluctuation conductivity 
extending closer to T • The temperature dependence of the upper 
c 
critical field of the sample Hcz (t) (t = T /T co) was measured for 
reference· in comparing the field dependence of the fluctuation conductivity . · 
to that predicted by theory. The results are shown in Fig. 1 and com-
pared to the predictions of the M~~i theory 18 (with.no paramagnetic 
limiting or spin-orbit effects taken into account} for H cZ (t}. Effects of 
surface superconductivity were also observed. Between Hcz (t} and 
Hc
3 
(t); surface superconductivity persists in spite of the absence of a 
stable bulk superconducting state. In the analysis of the fluctuation 
conductivity, care was taken to only compare the fluctuation conductivity 
with theoretical predictions only for H > Hc3 (t) in order to avoid con-


















1--- ' -- ' 1 ...... ,, '~Linear 
I ~, Extrapolation Moki Theory ..,..~ 
I ~+ 
I '+. ' I +, (b) + 
0.0 0.5 1.0 
t = T/Tco 
Fig. 1. (a) Nor.malized resistance vs. temperature and 
(b) the upper critical field Hcz vs. reduced temperature t = T/Tc 
for amorphous Zr75Rh25 . The data for Hcz (t) are compared 
with the predictions of Maki (ref. 18) assuming no paramagnetic 
limiting and no spin-orbit effect. 
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more fully later. 
The .measurement of the fluctuation conductivity was carried out in 
two ways. In the first, the field is held constant and the sample resis-
tance measured as a function of temperature. In the second, the tem-
perature is fixed and the field is varied from H = 0 up to H = 7 5 KG. 
The results of the first set of .measurements are shown in Fig. 2. It is 
clear that the width 6 T of the super conducting transition increases 
. c 
with increasing field. This effect can to a large extent be attributed to 
surface superconductivity as previously mentioned. For H = 0, the 
dependence of the excess conductivity cr' on temperature is illustrated 
by plotting tn (cr 1 /cr ) vs. tnt* (where t* = (T - T )/T _and 
' 0 c c 
cr = nor.mal state conductivity at 3 T ) . This is shown in Fig. 3 along 
0 c 
with previous data for amorphous La
78
Au22 a-nd compared with the 
prediction of the A-L theory. As discussed in ref. ll, the Maki-
7 Thompson contribution to cr 1 is small~ For amorphous Zr75Rh25 , 
the Maki terms .make a negligible contribution as evidenced by the good 
agreement between the magnitude of cr' predicted by the A-L theory and 
experimental data. It should be noted that there are two additional c.urves 
in Fig. 3 which are based on a m:>dified A -L theory which includes a 
short wave length cutoff in the fluctuation spectrum. This will be 
described in detail in the following section. Comparing the experimental 
results with the prediction of A-L shows that the temperature dependence 
of cr 1 is well described near T · ( - 6 ~ .f.,n t* :5 - 3) whereas the data 
. c 
fall below the A-L predictions for higher temperature. The main 
difference as compared to the results of ref. ll is the extended range of 
agreement between experiment and theory for t:;: -+ 0. This as pre-
viously noted is attributed to improved sample homogeneity. 
0 

















2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
Temperature (°K) 
Fig. 2. Nor.ma.lized resistance vs. temperature with various applied 
.magnetic fields. The arrow in the lower part of the graph 





















• Amorphous Lo78Au22 
H=O 
0 
Fig. 3. The temperature dependence of the fluctuation conductivity 
(.tn cr' vs. .tnt*) for H = 0. The s o.lid line is the prediction 
of the AL theory for amorphous Zr75Rh25 • The dashed lines 
refer to the modified AL theory with a short wavelength cutoff. 
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Th~ ~e~i~tive t:r~ns~tj,c;m as a function of applied field was .measured 
at constant temperature with the applied field perpendicular to the 
direction of current flow. The results are shown in Fig. 4. These 
results cat:!. be compared with the predictions of Maki 
7 
or with those of 
Usadel. 
8 
From equation {16) of ref. 7(c), the Maki result is expres~ed 
in the following form for the case of H applied perpendicular to the 
direction of current flow. 
1 
a_i = e 2 /-li(Z11') 2 ._(411'KBT)/iiD)[X(H,T)]- 2 { l) 
in cgs units with e · = electron charge, D = electronic diff~sivity and 
X a function of field a:pd temperature given by 
X (H, T) = 
tn{T/Tc
0
) + t [t + (eDH/211'KBT)] - •<t>. 
t { l) [t + (eDH/~1rKB T)] 
(2) 
where T is the transition te.mperature in zero field and tlf and v ( l) 
co 
are respectively the digam.:ma and triganuna functions. The electronic 
diffusivity is experimentally determine from the gradient of the upper 
critical field [dHc 2{T)/dT J T=T • The remaining parameters are all co 
fixed leaving no free parameters. Equation { 1) was evaluated as a 
function of field at several fixed temperatures and then compared with 




• The data and theoretical pre-
dictions were compared by plotting tnaj_ as a function of 
tn(H - Hc 2(t))/Hc 2{t) = tnh. For the experimental data, the reduced 
field h is defined in terms of the experimentally measured Hc 2{t) at 




















= 0.986, Hc2 = 1.6 KG 
= 0.877, Hc2 = 14.4 KG 
= 0.767, Hc2 = 27.3 KG 











Fig. 4. Magnetic field dependence of the fluctuation conductivity a'~ 
at several reduced temperatures. Results are co.mpared to 
the Maki theory (dashed lines} as computed from equation 
( 1} of the text. 
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(Maki) Hc2(t) curve (Fig. 1) with no par;:~r:n-agnctic u.L ::;pin orbit effects 
included and the experimental curve H cz(t) is taken into account by this 
procedur~ in a manner noted in ref. 5. In analyzing this data, care was 
taken to avoid confusing the effects of fluctuation conductivity with those 
of surface superconductivity. Theoretically, it is known that 
H (t) < 1. 69 H 2(t). By plotting the experimental data for low tem-c3 '"""' c 
perature where Hc 2 is fairly large, one can observe a clear break in 
the a vs. H curves typically for H ""' 1. 5 H cZ. This was interpreted 
as surface superconductivity. In comparing the experimental field 
dependenc.e of a'. with theory, such regions were avoided. In Fig. 4. 
regions of possible surface superconductivity are indicated_ by a vertical 
line and arrows. In analogy with Fig. 3, it is found that at low fields ' 
H < < Hcz (0) the theory and experiment are in good agreement whereas 
for H :5 Hc 2 (0) the experiment~l values of a.i fall considerably below 
those predicted by theory. It is worthwhile to point out that the deviations 
from theory occur at roughly the same absolute field H for all fixed 
temperatures. Since the reduced field h is defined in terms of Hc
2
(t), 
the deviations occur at different values of h. 





was also measured. A plot similar to that in Fig. 4 shows 
that the experimental data follow very closely the behavior observed for 
<f' 
amorphous Zr75Rh25 . This result is taken to confirm that the field 
dependence observed is· general just as the temperature dependence 
found in ref. ll appears to be general for three dimensional amorphous 
materials. 
The temperature dependence of a' in a constant nonzero applied 
field can be compared with theory by plotting tn (a 1 Ia ) as a function of 
0 
-13-
.f,n ~T- Tc(H~/Tc.;(H)J = Lnt~(H) wh~re 'l'c(H) is transition temperature. 
of the superconductor in the field H. The value of T (H) was determined 
c . 
from experimental data using the R = 0 criteria. It was necessary to 
consider the flux-flow conductivity in defining T (H). A small. but 
c 
detectable resistance which is particularly observable in high fields was 
found to be present for T < T (H). This small resistance is of order 
. . c 
-3 -4 . 
10 - 10 of the normal state res1stance and has been shown to be 
associated with flux-flow. This resistance was ignored in defining 
T c(H) which was determining by linear extrapolation of the R vs. T 
curve (with (R/R ) > lOo/o) to R = 0. The results of above comparison 
0 
are shown in Fig. 5. The effect of surface superconductivity can be 
clearly observed as a large increase in a 1 for tn (t*(H)) :S - 2. For 
tn(t*(H)) > - 2, the temperature dependence of rJ' for H -:f. 0 is very 
sirt"'..ilar to the temperature dependence for H = 0 a~d falfs' well be!low 
the temperature dependence predicted by the Maki theory (shown in the 
Fig. for H = 10 KG). It appears that in the limit where t>!<(H) .... 0 the 
theory and experiment will agree closely {for H '/. 0) although the 
existence of surface superconductivity prevents measurement of u 1 in 
this region. In this' li.mit the Maki theory predicts cr 1 "" t*{H) 
I -z-
similar to the A-L theory when H = 0 •. Finally, the magnitude of 
(a 1 Ia ) for fixed t*(H) is found to increase progressively with increasing 
0 
field. The Maki theory does not account for this increase as the calculated 
magnitude of (a 1 frJ ) at constant t*(H) is nearly independent of H when 
0 . 
calculated based on eqn. { 1). Also it should be mentioned that in the 
limit of H .... 0, the Maki expression differs from the A -L expression by 
a constant factor (,.... 4). Since the two theories should agree both in 










e H = 0 
Teo = 4.562°K 
+ H = 5 KG 
Tc (H) = 4.367°K 
• H = 10 KG 
Tc(H),; 4.170°K 
x H = 60 KG 




--- Maki Theory 
H = 10 KG 
..... 
' ..... ..... 
' 
-6 -4 -2 0 
Ln[t*(H)) = Ln[(T-Tc(H)l/Tc(H)) 





in constant applied magnetic field. The 
data are compared to the Maki theory illustrated in the figure 
for the case. of H = lOKG. The T of the sample in each c 
applied field is given in the lower left hand corner. 
..------------------------------------- --
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eqn. ( 1) may conty,in r1 nu.mcrical e.rror. 
IV. BREAKDOWN OF THEORY AT HIGH FIELD AND HIGH TEMPERATURE 
As previously suggested in ref. 11, the breakdown of theory in the 
high te.mperature and high-field limit is .most likely associated with the 
breakdown of the slow-variations approximation and the effect of non-
local electrodynamical corrections to the Ginzburg-Landau theory. For 
the case of fluctuation diamagnetism, this problem has been considered 
in detail by several authors. Gollub et al. 
15 
give ~rather complete 
discussion of both the experimental and theoretical results pertaining to 
this problem. On the experimental side, they demonstrate a universal 
field dependence of (M 1 J..[H T}, where M 1 :::: excess diamagnetization, 
on the reduced variable H/H • The field H is a scaling field empirically s s 
determined for each metal and alloy studied. Empirically, H is s 
defined as the field for which (M 1 !JH T} falls to one half the value pre-
dieted by the Ginzburg-Landau theory. 
In the present study, we wish to consider the 'breakdown of the slow 
variations approximation as it effects both the field dependence and the 
temperature dependence of the paraconductivity. The effect of non-local 
electrodynamic corrections are ignored since, as discussed in ref. 15, 
these effects are small in the dirty limit. The amorphous superconductors 
represent the "extre.me" dirty limit. A simple phenomenological 
modification of the Al theory is first considered which approximates the 
reduced role of short wavelength fluctuations and provides a good account 
of the observed te.mperature dependence of a 1 • 
6 
For a three dimensional superconductor, AL express the super-
-16-
current density for fluctua.tions :::~ c:; 
iw 
3 
(.!..__) c2 1 Joo 
6 mpo 2 o 
4 
q A dq 
w 
where C is a constant. p the Fermi momentum, A the vector 
0 w 
(3) 
potential. and TJ reduces to the square of the zero temperature coherence 




first pointed out that for one and two dimensional super-
conductors, it is necessary to introduce a long wavelength cutoff in the 
q integration to avoid unphysical singularities. Maki
7
, Patton9, and 
others have discussed the physical significance of the long \vavelength 
cutoff which can be interpreted in terms of a pair-breaking parameter. 
It is clear that a short wavelength cutoff .must also apply to the 
fluctuation conductivity in one, two, or three dimensions. A lower 
bound for the cutoff wavevector is obtained by considering the following 
simple argument. -3 Since roughly 10 of the total number of conduction 
electrons participate in superconductive pairing, in desc;:ribing pairing. 
phenomena one must consider at least the equivalent volume of ,.... 10 3 
atoms since such a volume is required to have a single pair. The 
characteristic dimension associated with this volume is ~ 30A and 
implies a short wavelength cutoff in any quantum mechanical description 
of a pair. The higher order correction terms in the Ginzburg-Landau 
,formalism lead in fact to a more restriCtive cutoff. For a dirty super-
• 
conductor such terms are important for the case where q ..... g (0) -l. 
The contributions to (3) for such q vectors become important in con-
side ring the high temperature and high field limits of fluctuation 
phenomena. A detailed theory for the role of such q fluctuations would 
-17-
require that one take into account the internal structure and dynamics 
of the bound pair. As a convenient means of phenomenologically treat-
ing the problem, we can simple introduce a short wavelength cutoff, 
Q into the q integration of equation (3) to approximated the reduced 
c 
role of high q fluctuations. 
We have experimentally observed a universal temperature depen-
dence for cr'. By using Q as an adjustable parameter, one can attempt c 
to fit the experimental data. Equation (3) was evaluated numerically as 
a function of Q and the results used to fit the experimental temperature 
c . 
dependence of cr'. The temperature dependence predicted by equation (3) 
was found to be rather sensitive to the choice of Q • It was found that 
c 
the data are fit extremely well for 0. 95 :5 l. 05 where Q is expressed 
c 





are shown in Fig_. 3. To within experimental error, it 
is clear that. a Q ~ g (0) -l is required to described the data. This 
c 
result is not surprising since the break down of the slow variations 
approximation is expected in just this range of q. A similar fit to the 










Ge amorphous samples of 
ref. 11 gave a nearly identical result. We conclude that a cutoff 
wavector Q = g (0) -l provides a.n adequate mathematical description of 
c 
the reduced role of high q fluctuations as regards to the temperature 
dependence of a' • 
An analysis of the field dependence of the fluctuation conductivity in 
terms of a cutoff wavector is more difficult. We can follow Gollub 
15 
in 
attempting to describe the field dependence for a j_ by determining the 
characteristic field for which significant deviations from theory occur. 
The data shown in Fig. 4 exhibit a very similar behavior as a function 
-18-
of reduced field h a£ the d.:!.ld. of Fig. 3 as a function of reduced tem-
perature. The natural scale for significant deviations in the field 
dependent behavior from theory is expected to be of similar magnitude 
to that found in the diamagnetic case. A simple argument
21 
which 
considers only the leading correction to the Ginsburg-Landau theory 
suggest that the slow variations approximation should break down for 
fields 
{4) 
The characteristic field at which the experimental data .depart from 
theory can be estimated by first noticing that the experimental curves 
of Fig. 4 can be brought into coincidence if the reduced field variable 
h = (H - Hc 2(t))IHc 2(t) is redefined as h* = (H - Hc 2(t)IHc 2(0) which 
amounts to measuring (H - Hc 2(t)) in units of Hc 2(0). Comparison of 
data taken at different values of fixed t shows that to within experimental 
error, all data are described rather well by a single universal curve 
when tn (a 1 I a ) is plotted against .t n h*. One can then define a char-
0 
acteristic value. of h~~ for which the data deviate fro.m theory. The 
-1 
Maki theory predicts that a 1 behaves like[H - Hc 2 (t) J2 for H _> Hc 2 (t) 
and (H -Hc
2
(t)) small. We can estimate the deviation from the theory 
by determining the behavior of the slopes of the .t n(v' la
0
) vs. t n (h~·) 
curve (s = d(tna')ldtn(h*)) as a function of h*. For h>:•-+ 0, the data 
approach s = - i as predicted by theory. If "\Ve estimate the value of 
h* for which s deviates from i significantly, we find for example that 
s ~ 1 for h>:• ~ 0. 15 and s ~ 2 for h>:= ~ 0. 30 (wher~ Hc
2
(0} was taken 
to be the Maki extrapolated value in Fig. 1). Thus, significant devia-
-19-
tions from theory f.lccur feu: fields of order of a few tenths of Hc
2
(0). 
The general features of the fie~d dependence of cr 1 in the amorphous 
La78Au22 alloy are similar to those just discussed. It is concluded 
that the observed dependence of cr' on h and the characteristic value 
of h='r for breakdown of the theory are general features of three dimen-
sional amorphous superconductors. 
In view of the present data, it would seem to be worthwhile to extend 
the theoretical results of AL, Ma~d, Patton and those mentioned in 
ref. 15 for the case of the diamagnetic fluctuations to the case of 
fluctuation conductivity in high field and at high temperature. It seems 
likely that a suitable extension of the microscopic theory can provide a 
complete and consistent picture for understanding the experimental 
data. Such an extension would provide a detailed test of the microscopic 
well beyond the limits of validity of the. approximations made in the 
Ginzburg-Landau theory. 
V. SUMMARY 
Measurements of the paraconductivity cr' as a function of temperature 
and applied magnetic field for a three di.mensional amorphous super-
conductor have been presented. The data have been compared with 
several current theories. For temperatures close to T and small 
c 
fields, the dependence of cr' on T and H is well described by the 
theories of Aslamasov and Larkin, Maki, and others. For high tem-
perature and large fields, the experimental data give values of cr' 
which fall well below those predicted by theory. This discrepancy is 
attributed to a break down of the slow variations approximation which is 
-20-
· i.mplici.tly made in both the Ginzburg-Landau theory of fluctuations and 
Ln. the current uJ.il.:roscoplc theories. A convenient phenomenological 
description of the temperature dependence of a 1 is obtained by assuming 
a short wavelength cutoff in the A-L theory in order to account for the 
reduced role of high q fluctuations. A good fit to the data is obtained 
by taking this cutoff wavevect<Jir to be· Q ~ s (O) -l. A complete theory . c 
must take into account the higher order terms in the Ginzburg-Landau 
expansion of the free energy and in so doing account for the internal 
structure of a bound pair. It is hoped that the present work will 
stimulate theoretical interest in appropriately extending the theory of 
paraconductivity to account for the above mentioned discre~ancies. It 
is noteworthy that. such an extension has already been considered for 
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